Abstract. The Tibetan Plateau (TP) is located at the juncture of several important natural and anthropogenic aerosol sources. Satellites have observed substantial dust and anthropogenic aerosols in the atmosphere during summer over the TP. These aerosols have distinct effects on the earth's energy balance, microphysical cloud properties, and precipitation rates. To investigate the transport of summer dust and anthropogenic aerosols over the TP, we combined the Spectral Radiation-Transport Model for Aerosol Species (SPRINT-ARS) with a non-hydrostatic regional model (NHM). The model simulation shows heavily loaded dust aerosols over the northern slope and anthropogenic aerosols over the southern slope and the east of the TP. The dust aerosols are primarily mobilized around the Taklimakan Desert, where a portion of the aerosols are transported eastward due to the northwesterly current; simultaneously, a portion of the particles are transported southward when a second northwesterly current becomes northeasterly because of the topographic blocking of the northern slope of the TP. Because of the strong upward current, dust plumes can extend upward to approximately 7-8 km a.s.l. over the northern slope of the TP. When a dust event occurs, anthropogenic aerosols that entrained into the southwesterly current via the Indian summer monsoon are transported from India to the southern slope of the TP. Simultaneously, a large amount of anthropogenic aerosol is also transported from eastern China to the east of the TP by easterly winds. An investigation on the transport of dust and anthropogenic aerosols over the plateau may provide the basis for determining aerosol impacts on summer monsoons and climate systems.
cal and thermal forcing (Wu et al., 2007) and by modulating the hydrologic cycle (Hansen et al., 2000; Jacobson, 2001 ). The TP is located at the juncture of several important natural and anthropogenic aerosol sources and is surrounded by the earth's highest mountains, e.g., the Himalayas and the Pamir and Kunlun Mountain ranges; the Taklimakan Desert lies to the north, the Gobi Desert lies to the northeast and the Great Indian Desert lies to the southwest. With an increasing frequency of nearby dust storms (Thulasiraman et al., 2002; Uno et al., 2001) , the TP faces new threats from aerosols.
As the major type of aerosol that affects the TP (Huang et al., 2007b; Zhang et al., 2001) , dust aerosols accumulate on the northern slope of the plateau, where the Taklimakan and Gobi deserts intersect. From April to May, dust aerosols, which are transported from Pakistan/Afghanistan, the Middle East, the Sahara, and Taklimakan deserts, accumulate at high elevations on the southern and northern slopes of the TP . The largest number of dust storms occurred over the northern slope and eastern part of the TP in the spring of 2007, and several dust layers were elevated to altitudes of 11-12 km (Liu et al., 2008) . During summer, dust aerosol particles are transported from nearby deserts, such as the Taklimakan Desert, and accumulate on the northern and southern slopes of the TP. Tibetan dust aerosol layers appear most frequently at approximately 4-7 km above the mean sea level, where the plumes likely originate from the nearby Taklimakan Desert and accumulate over the northern slopes of the TP during summer (Huang et al., 2007b) . As the dust storm travels toward the TP, the dust aerosols may mix with anthropogenic aerosols and induce new environmental and climatic problems (Jing Su et al., 2008) .
The elevated absorbing aerosols have a unique feedback with the high surface albedo of the TP . According to a modeling study, the atmosphere in the upper troposphere over the TP may act as an "elevated heat pump" , which can be affected by the absorption of solar radiation by dust coupled with black carbon emitted from industrial areas in northern India; this setup may advance and subsequently intensify the Indian monsoon. However, the Tibetan aerosol distribution and properties are largely unknown.
In this study, we firstly evaluated the Spectral RadiationTransport Model for Aerosol Species (SPRINTARS) combined with a non-hydrostatic regional model (NHM) through comparing the simulation results and satellite observations, including the altitude-orbit cross section of the extinction coefficient along the trajectory of Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), the aerosol index (AI) in the ultraviolet (UV) band from an ozone monitoring instrument (OMI), and monthly mean aerosol optical depth (AOD) data from a multi-angle imaging spectroradiometer (MISR). Simultaneously, the dust and anthropogenic aerosols in summer over the TP are evaluated, and their distributions over the TP are presented. The transport of these aerosols is also explored via combining the simulation results and reanalysis data.
Model description

Adding SPRINTARS to the NHM
The three-dimensional aerosol transport-radiation model called SPRINTARS (Takemura et al., 2000 is used in this study. This global aerosol climate model was developed at the Center for Climate System Research (CCSR), University of Tokyo. The model simultaneously considers the main tropospheric aerosols, i.e., carbon (organic carbon (OC) and black carbon (BC)), sulfate, soil dust, and sea salt, and the precursor gases of sulfate, i.e., sulfur dioxide (SO 2 ) and dimethyl sulfide (DMS). The aerosol transport processes include emission, advection, diffusion, sulfur chemistry, wet deposition, dry deposition, and gravitational settling.
Although SPRINTARS was originally based on a general circulation model (GCM), i.e., CCSR/NIES/FRCGC AGCM (Numaguti et al., 1997) called the Model for Interdisciplinary Research on Climate (MIROC), to investigate the regional distribution and transport of dust and anthropogenic aerosols over the TP, we combined SPRINTARS with a regionalscale NHM developed by the Japan Meteorological Agency (JMANHM) (Saito et al., 2006) . The dynamical field of the JMA-NHM drives the transport of aerosols included in SPRINTARS (hereafter referred to as NHM-SPRINTARS or simply SPRINTARS).
The Arakawa-C and Lorentz grid structures were adopted for the horizontal and vertical grid configurations, respectively. Originally, the advection scheme for tracers (i.e., mixing ratio of hydrometeors, aerosols and gases) in NHM did not guarantee mass conservation. In adding SPRINTARS to NHM in this study, the advection scheme of Walcek and Aleksic (1998), which guarantees mass conservation, was applied in the transport of aerosols and chemical tracers. Using the advection scheme, Kajino et al. (2012) successfully simulated the transport of a chemical tracer. The turbulence scheme of Nakanishi and Niino (2006) and the two-moment bulk cloud microphysical scheme of Yamada (2003) were used.
Experiment setup
A simulation of the coupled NHM and SPRINTARS was conducted. The model domain covered 15.72-53.33 • N and 60.58-119.09 • E, as shown in Fig. 1 . A horizontal resolution of 20 km × 20 km was used. Vertically, 40 levels with variable intervals from 40 to 1120 m were used. The experiment was conducted for August of 2007 at a time step of t = 5.0 s. The 6 h data set of Japanese 25-year Reanalysis (JRA-25) (Onogi et al., 2007) was used for the initial and lateral boundaries of the horizontal wind field, temperature, and specific humidity during the simulated period. The vertical wind field of the initial and boundary conditions was set to 0.
The initial and boundary conditions of the aerosol fields were created through downscaling the results of SPRINT-ARS in a general circulation model, MIROC-SPRINTARS (Takemura et al., 2005; Goto et al., 2011) . Every 6 h result from MIROC-SPRINTARS, for which the horizontal and vertical resolutions were 1.1 • × 1.1 • and 20 layers, respectively, was interpolated to determine the initial and lateral boundary conditions of the aerosol and precursor gases (DMS and SO 2 ) (details on the experiment setup of MIROC-SPRINTARS are described in the Appendix).
The emission inventory data of anthropogenic black carbon and SO 2 are based on Lamarque et al. (2010) , and the other inventories (i.e., biomass burning and volcanoes) are the same as those used by Takemura et al. (2005) . In addition to the aerosol field and emission data, the three-dimensional oxidant distribution is required to calculate the chemical reaction of sulfate aerosols in each grid. The monthly mean oxidant distributions were prescribed from the chemical transport model CHASER coupled with MIROC (MIROC-CHASER) (Sudo et al., 2002) , with a horizontal resolution of 2.8 • × 2.8 • . The original pre-calculated parameters of simulated aerosols used in this study, refractive indices at 0.55 µm and effective radius, are listed in Table 1 . In this model, the particle sizes of dust, BC, OC, sea salt and sulfate aerosols are divided into 10, 9, 9, 4 and 8 radii, respectively, for different radius ranges as given in Table 1 . And the refractive index of each aerosol component is uniform for all the radius subranges based on d 'Almeida et al. (1991) and the imaginary part of soil dust aerosols is updated for their weaker absorption of the solar radiation (Kaufman et al., 2001 ).
Observational data
CALIPSO profiles
Combining an active Lidar instrument, i.e., the CloudAerosol Lidar with Orthogonal Polarization (CALIOP), with passive infrared and visible imagers, the CALIPSO satellite provides new insight into the vertical structure and properties of clouds and aerosols. In this study, the CALIPSO Level 1B and Level 2APro data sets (aerosol profile), which contain a half-orbit (day or night) of calibrated and geolocated singleshot (highest resolution) Lidar profiles, were used to detect dust events and evaluate the model.
The CALIPSO Level 1B product provides the profiles of the total attenuated backscatter at 532 and 1064 nm and a volume depolarization ratio at 532 nm; the optical depth of aerosols from CALIPSO Level 2APro was used to increase the reliability of the dust detection. The Level 2APro product also provides the extinction coefficient profiles at 532 nm, which were used to evaluate the SPRINTARS model in the vertical direction. Because aerosols and clouds generally have a larger spatial variability and stronger backscatter intensity at lower altitudes, the investigation focuses on altitudes ranging from 0 to 10 km a.s.l. to obtain a higher accuracy.
OMI AI
The ozone monitoring instrument (OMI) aboard the Earth Observation System (EOS) Aura spacecraft provides daily global coverage of the Earth-atmosphere system at wavelengths ranging from 270 to 500 nm with a high spatial resolution of 13 km × 24 km and a swath width of approximately 2600 km. The OMI Aerosol (OMAERO) Level 2 product contains the characteristics of absorbing aerosols in the full instrument resolution. The OMI AI in the UV band was compared with the aerosol optical depth (AOD) simulated by SPRINTARS.
MISR AOD
The MISR, which was launched with the sun-synchronous polar-orbiting Terra, can simultaneously view the sunlit Earth at the same point in nine widely spaced angles ranging from 70 • afterward to 70 • forward of the local vertical at a spatial sampling resolution of 275 to 1100 m globally. The MISR can even retrieve aerosol properties over highly reflective surfaces, such as deserts, and it has few limitations caused by the surface type (Christopher et al., 2008; Kahn et al., 2005; Martonchik, 2004) . The MISR Level 3 AOD product, which is retrieved from multiple orbits at a monthly timescale on geographic grids of 0.5 • × 0.5 • , was used to evaluate the simulated monthly mean properties of all of the aerosols in this study. 
ERA-Interim reanalysis data
The European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis data set was used to evaluate the meteorological fields of SPRINTARS and analyze the transport of the aerosols. Daily meteorological contours of the U and V components of the wind speed and the vertical velocity from ECMWF were used. The reanalysis data have a spatial resolution of 1.0 • × 1.0 • , 37 pressure levels in the vertical direction, and a temporal resolution of 6 h (00:00, 06:00, 12:00 and 18:00 UTC).
Results and discussion
Considering the influence of the lateral boundary of the model domain, the analysis primarily focused on the inner domain of 20-50 • N, 70-110 • E, as indicated by the black rectangle in Fig. 1 ; this area encloses the TP and most of the dust sources in East Asia.
The TP is located in central East Asia (25-40 • N, 74-104 • E), where the average elevation is 4500 m. For the northeast TP, the Taklimakan, Gurbantunggut, and Badain Jaran deserts are the primary dust sources outside the local desert in the Qaidam Basin. For the west TP, the Taklimakan Desert, Great Indian Desert and deserts in Central Asia are the primary dust sources. Although the area southeast of the TP is far from the dust sources, anthropogenic aerosols could be transported from India and east of China. The aerosols over the TP may consist of particles transported from these sources and anthropogenic aerosols, including carbonaceous and sulfate aerosols from India and east of China. The solid black line in Fig. 1 indicates the trajectory of the CALIPSO satellite over the TP on 22 August 2007.
Identification of a dust event
The product of CALIPSO, which can observe aerosols over bright surfaces and beneath thin clouds in clear skies (Vaughan et al., 2004; Winker et al., 2006) , was used to identify dust aerosols. With a total attenuated backscatter coefficient at 532 nm, the depolarization ratio and AOD from CALIPSO were combined to identify dust aerosols. Generally, because of its non-sphericity, dust has a larger depolarization ratio than raindrops and other aerosols and has a smaller depolarization ratio than an ice cloud. To identify dust aerosols, values of 0.0008-0.048 km −1 sr −1 and 0.06-0.4 were chosen as the thresholds of the total attenuated backscatter and volume depolarization ratio, respectively (Chen et al., 2009; Li et al., 2013; Liu et al., 2008; Shen et al., 2010; Zhao et al., 2009) .
The CALIPSO data analysis shows (figures omitted) that a large amount of aerosol is present over the TP during summer. A typical case on 22 August 2007 was investigated in detail. Figure 2 shows the (a) AOD, the altitude-orbit cross-section of the (b) total attenuated backscattering intensity and (c) depolarization ratio on 22 August 2007 along the CALIPSO trajectory presented in Fig. 1 . The gray shading in Fig. 2 indicates the topography, and the deep blue area denotes the absence of signal due to clouds, which the laser cannot penetrate. As shown in Fig. 2 , the total attenuated backscatter and volume depolarization ratio ranged from 0.002 to 0.005 km −1 sr −1 and 0.06 to 0.3, respectively. Based on the thresholds for identifying dust aerosols, 22 August 2007 is considered a severe dusty day. Thick dust plumes existed over both the southern and northern slopes of the TP ( Fig. 2b and c) . Figure 2a presents the AOD on 22 August 2007 over the TP. The large AOD values further verify the conclusion from the total attenuated backscatter and volume depolarization ratio. The dust plumes could extend up to approximately 7-8 km a.s.l. over the northern slope of the TP. The result also indicates that the dust plumes over the northern slope were much thicker than those over the southern slope of the TP.
Based on the dust event detected by the CALIPSO observations, the model simulation and relative analysis were performed in the following sections.
Simulation and comparison with observations
Considering the geographical features of the TP, we primarily investigated the simulations of dust, carbonaceous aerosols (organic and black carbon), and sulfate aerosols. The simulated optical depths of the dust, carbonaceous and sulfate aerosols from 21 August 00:00 UTC to 24 August 00:00 UTC are shown in Fig. 3b and c. The OMI AI in the UV band, which can detect UV-absorbing aerosols, is shown in Fig. 3a . The AI from the OMI is gridded at 0.5 • × 0.5 • from the satellite orbit files. Generally, the value of the AI ranges from −1.5 to 3.5, in which negative and positive indicate the dominance of scattering (e.g., sulfate) and absorbing aerosols (e.g., black carbon and dust) (Christopher et al., 2008) , respectively. Although many invalid values exist in the OMI observational data, the AI suggests highly absorbing aerosols around the Taklimakan Desert, the southern slope and the area east of the TP, as shown in Fig. 3a . The highest AI value was greater than 3.5 on 23 August. Additionally, compared with the OMI observation, SPRINTARS observed similar AOD patterns over the northern slope (Fig. 3b) , the southern slope and the east of the TP (Fig. 3c) . The model simulation indicates that dust aerosols were primarily distributed over the northern slope of the TP, whereas anthropogenic aerosols, including carbonaceous and sulfate aerosols, were distributed over the southern slope and east of the TP. Combining the observations from the OMI and the SPRINTARS simulations, the absorbing aerosols over the north TP slope were dust, and those over the southern slope and east of the TP were carbonaceous materials. Figure 4 shows the simulated distributions of the surface aerosol single scattering albedo (SSA) and Ångström expo- nent (AE) for a mixed polydispersion of all aerosols in this study. The three black rectangles indicate the key areas where the values clearly change. In addition to the low SSA values over much of the snow cover, the SSA values around the Taklimakan Desert were as low as 0.85-0.91 because of the strong absorption of direct solar radiation. From 21 to 23 August, the low SSA center clearly moved from the Taklimakan Desert to the northern slope and east part of the TP (shown in the solid boxes in Fig. 4) . The decreasing SSA and AE imply increasing absorption and larger particles. As the dashed boxes indicate, over the southern slope of the TP, the SSA ranged from 0.88 to 0.91 and exhibited a decrease from 21 to 23 August. At the same time, to the east of the TP, the SSA values varied from approximately 0.85 to 0.98 while the AE values somewhat decreased from 21 to 23 August (dotted boxes). The simulations suggest that the eastward and southward migration of dust aerosols induced the increasing SSA over the northern slope and east of the TP, respectively; however, the carbonaceous aerosols contributed to the SSA variation over the southern slope of the TP. Additionally, over the east of the TP, the sulfate aerosols somewhat influenced the simulated SSA and AE values.
Although the satellite observations were compared with the horizontal distribution of aerosols over and around the TP, in situ vertical observations are difficult to find due to the special geographical environment. Considering the limitation of the spatial and temporal coverage due to aerosol property retrievals over bright surfaces and beneath thin clouds, we compared the CALIPSO observations with the simulated vertical distribution along the orbit of CALIPSO/CALIOP at 20:18 UTC on 22 August 2007. Figure 5 presents the extinc- tion coefficient of the CALIPSO retrieval and the model simulation along the orbit path (as shown in Fig. 1) . Although a slight underestimation occurs in the SPRINTARS simulation, the comparison shows that the model can nearly rea- Considering the missing observations of MISR, we compared the simulated monthly mean aerosol optical properties with the satellite observations on August 2007 over the TP. Figure 6 compares the monthly mean AOD between the MISR observations (Fig. 6d) , which are used in addition to the OMI, and the SPRINTARS simulations. Figure 6a and b describe the distributions of the AOD for dust and anthropogenic (carbonaceous and sulfate) aerosols, and the total AOD of four types of aerosols (dust, sulfate, sea salt, and carbonaceous aerosols) is represented in Fig. 6c . A comparison between Fig. 6c and d shows that SPRINTARS can simulate the pattern and magnitude of the AOD extremely well. During August 2007, the monthly mean AOD reached over 1.5 around the Taklimakan Desert and the Sichuan Basin. The high optical depths around the Taklimakan Desert were primarily due to dust aerosols; however, the high values around the Sichuan Basin were primarily due to anthropogenic aerosols.
As suggested in Figs. 3 and 6, SPRINTARS can successfully simulate the distribution of dust and anthropogenic aerosols. The transport of the dust and anthropogenic aerosols to the TP is described in the following section.
Transport of aerosols over the TP
As indicated in the simulation of SPRINTARS over the TP area, dust particles are primarily distributed around deserts, such as the Taklimakan Desert, whereas carbonaceous and sulfate aerosols are primarily distributed in the northern India Peninsula and east of the TP. The transport of dust and anthropogenic aerosols over the TP from 21 to 23 August is further investigated.
Combining the distribution of the aerosol optical properties shown in Figs. 3 and 4 , the high aerosol mass over the northern slope of the TP is attributed to dust, whereas the dominant aerosol type over the southern slope and east of the TP is anthropogenic. The dust aerosols over the northern slope of the TP predominately originate from the neighboring Taklimakan Desert. Near the southern slope of the TP, the anthropogenic aerosols in the east primarily originate from India, and the dust in the west primarily originates from the Great Indian Desert. Over the east of the TP, the dust particles primarily come from the Taklimakan Desert and from local dust sources, whereas anthropogenic aerosols originate from eastern China. The aerosols mobilized from the above sources are further transported to the TP during favorable meteorological conditions. Figure 7 presents the wind fields at the 850 hPa level from ERA-Interim (a) and the fields at z = 20 m from SPRINTARS (b) during 21-23 August. The wind fields of SPRINTARS were averaged to the horizontal resolution of the ERA-Interim data (1.0 • × 1.0 • ). In Fig. 7b , the arrows denote the U and V wind components in the horizontal direction, and the color indicates the vertical wind velocity, in which a positive value is a downdraft and a negative value is an updraft. Again, the comparison between the simulated fields and the observed fields proves the reliability of the SPRINTARS simulation. Comparing the vertical wind velocity over the southern slope, the updraft appears stronger over the northern slope of the TP.
The wind near the surface blows from Kazakhstan to the Tianshan and Altai Mountains, in which a northwesterly current continuously moves to the east, whereas another current turns into northeasterly wind toward the TP because of topographic blocking. Figure 7 suggests that with the northwesterly wind current, dust particles are transported to the east of the TP. At the same time, a large amount of dust is transported to the northern slope of the TP as northeasterly winds form. From 21 to 23 August, the northeasterly wind from the Tianshan and Altai Mountains was strongest on 22 August and weakened on 23 August. Furthermore, except for the northeasterly airflow toward the TP, an eastward airflow branched off of the northwesterly current, which apparently increased on 22 August. This airflow can transport dust that originated from the Taklimakan Desert to the eastern TP, as shown in Fig. 7 . The movement of dust from the Taklimakan Desert to the east induces variations in the SSA and AE distributions, as shown in Fig. 4 .
Additionally, Fig. 7 shows strong southwesterly wind from India. As shown in Fig. 7a1 and b1, the strong cyclone over the India Peninsula induced a northward transport of anthropogenic aerosols. According to Figs. 3 and 6, anthropogenic aerosols are transported to the southern TP with southwesterly winds from the India Peninsula. As the southwesterly wind weakens, the amount of transported anthropogenic particles declines, as shown in Fig. 3c3 . Simultaneously, the anthropogenic aerosols from eastern China are transported to the eastern TP with easterly wind.
To determine the transport of aerosols in the horizontal and vertical directions, we analyzed the vertical variation in the dust mass concentration in the west-to-east and south-tonorth directions at 37 • N and 78 • E, respectively, as shown in Fig. 8 . The cross-sections cut across the center of high AOD area for dust aerosols, as shown in Fig. 3b , to explore the dust transport from 21 to 23 August 2007. As the easterly wind weakened and the northwesterly wind strengthened over the area from 22 to 23 August, dust aerosols were continuously transported eastward, as indicated by the increasing SSA in Fig. 4a2 and a3. As suggested in Fig. 8a1 and b1 , on 21 August, the dust storm began to outbreak at approximately 78 • E, 37 • N and extended up to approximately 8 km. Dust mobilization became more active and expansive the following day. With the development and transportation of the dust particles in the following 2 days, the particles were transported to higher and even upward to 9 km ( Fig. 8a3 and b3) . Simultaneously, the dust aerosols were substantially transported eastward during 70-80 • E on 22 August, when the wind field favored eastward transport (Fig. 8a2) . However, as shown in Fig. 8b2 and b3 , most southward-transported dust particles were blocked and lifted up to the TP due to the orographic lifting. Based on Fig. 8b , updrafts existed near both the northern and southern slopes of the TP that lifted the dust to the plateau. The dust mass concentration was high in the west-east direction on 21 August and then strengthened over the following 2 days. The southward-transported particles accumulated over the northern slope of the TP, and peaked on 23. Figure 8 further proves that the dust over the northern slope of the TP originated from the deserts nearby, primarily the Taklimakan Desert. Combining Fig. 3c and the wind field in Fig. 7 , we conclude that a large amount of anthropogenic aerosol was transported to the area east of the TP during the dust event and then weakened with the eastward transport of dust when the eastward airflow strengthened.
Corresponding to the transport of dust aerosols in the horizontal and vertical directions, Fig. 9 shows the distribution of dust mass column loading from 21 to 23 August. As suggested in Fig. 9 , the dust loading is high over the northern and southern slopes of the TP. With the development and trans- portation, dust mass concentration over the northern slope began to increase and extend southeastward on 21 August. On the following 2 days, 22-23 August, the dust event became severe and swept across the entire Tarim Basin. With the formation of the dust event on 21 August, the northeasterly wind over the northeastern TP was strong, and a large amount of carbonaceous aerosol was transported to eastern TP; this setup produced high AOD and low SSA values, as shown in Figs. 3c1 and 4a1 , respectively.
Conclusions
In this study, we first evaluated the SPRINTARS model coupled with an NHM using CALIPSO, OMI and MISR observational data. Simultaneously, the summer dust and anthropogenic aerosols over the TP were evaluated, and the distributions over the TP were presented.
From the SPRINTARS simulations, dust aerosols contribute to the high AOD around the Taklimakan Desert, and the absorbing aerosols, mainly carbon, observed by the OMI satellite were distributed over the southern TP. SPRINTARS can simulate an AOD pattern similar to that observed by the OMI, with the exception of several high values over the east of the TP. Additionally, the model simulations suggest that anthropogenic aerosols, i.e., carbonaceous and sulfate aerosols, surround India and the Sichuan Basin. Compared with the vertical distribution of the aerosol extinction coefficient along the orbit of CALIPSO/CALIOP, SPRINTARS can reasonably simulate the aerosol extinction profiles over most of the orbit. SPRINTARS well simulated the pattern and magnitude of the monthly mean aerosol optical properties observed by the MISR on August 2007 over the TP. The aerosols were primarily anthropogenic particles in the east and southern slope of the TP but dust particles over the northern slope of the TP.
The vertical-longitude/latitude cross-sections of the SPRINTARS-simulated aerosol mass concentration show that the dust aerosols were emitted in the atmosphere at approximately 78 • E, 37 • N and extended up to approximately 8 km from the first day of the dust event. Then, the dust was transported upward to 9 km; simultaneously, the dust aerosols were substantially transported east for the following day. During the southward transport, the dust particles were blocked and lifted up to the TP due to the orographic lifting of the plateau. As the dust event weakened, the transport weakened in both the vertical and horizontal directions. During the dust events, the model simulations showed that the Tibetan dust aerosols appeared at approximately 7-8 km a.s.l., and the plumes originated from the nearby Taklimakan Desert and accumulated over the northern slope of the TP during the summer.
The dust aerosols were transported eastward by strong northwesterly winds, whereas the dust was transported southward to the northern slope of the TP as the air current changed from northwesterly to northeasterly due to topographic blocking. Additionally, increasingly eastward airflows branched off from the northwesterly wind transport a portion of the dust aerosols to eastern China. Anthropogenic aerosols that originated from eastern China were transported to the east of the TP. Influenced by the Indian summer monsoon, anthropogenic aerosols were northwardly transported to the southern slope of the TP.
The impact of different aerosols on cloud properties and precipitation is an important issue. In the future, the interaction of dust and anthropogenic aerosols with the microphysical properties of clouds will be further investigated.
Appendix A: Details of the MIROC-SPRINTARS data used for the initial and boundary conditions of the aerosol field of NHM-SPRINTARS
To create the initial and boundary conditions of the aerosol fields for NHM-SPRINTARS, we used the results of MIROC-SPRINTARS (Takemura et al., 2005; Goto et al., 2011) . MIROC-SPRINTARS was based on the 6 hourly meteorological fields (temperature, winds, and water vapor) of NCAR/NCEP Reanalysis. The results of the calculation were used for the initial and boundary conditions in this study. The horizontal and vertical resolutions were set to 1.1 • × 1.1 • and 20 layers, respectively. The emission inventories of anthropogenic black carbon (BC) and sulfur dioxide (SO 2 ) were generated by Streets et al. (2003) over Asia and by Takemura et al. (2005) over the remaining regions. The other inventories (biomass burning and volcanoes) were the same as those used in Takemura et al. (2005) . In MIROC-SPRINTARS, the monthly mean oxidant distributions were prescribed from a global chemical transport model, MIROC-CHASER (Sudo et al., 2002) , with a horizontal resolution of 2.8 • × 2.8 • .
